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Summary
Background: Ambient oxygen (O2) influences the beha-
vior of organisms from bacteria to man. In C. elegans,
an atypical O2 binding soluble guanylate cyclase (sGC),
GCY-35, regulates O2 responses. However, how acute
and chronic changes in O2 modify behavior is poorly
understood.
Results: Aggregating C. elegans strains can respond to
a reduction in ambient O2 by a rapid, reversible, and
graded inhibition of roaming behavior. This aerokinetic
response is mediated by GCY-35 and GCY-36 sGCs,
which appear to become activated as O2 levels drop
and to depolarize the AQR, PQR, and URX neurons.
Coexpression of GCY-35 and GCY-36 is sufficient to
transform olfactory neurons into O2 sensors. Natural
variation at the npr-1 neuropeptide receptor alters both
food-sensing and O2-sensing circuits to reconfigure the
salient features of the C. elegans environment. When
cultivated in 1% O2 for a few hours, C. elegans reset
their preferred ambient O2, seeking instead of avoiding
0%–5% O2. This plasticity involves reprogramming the
AQR, PQR, and URX neurons.
Conclusions: To navigate O2 gradients, C. elegans can
modulate turning rates and speed of movement. Aero-
taxis can be reprogrammed by experience or engi-
neered artificially. We propose a model in which pro-
longed activation of the AQR, PQR, and URX neurons
by low O2 switches on previously inactive O2 sensors.
This enables aerotaxis to low O2 environments and may
encode a “memory” of previous cultivation in low O2.
Introduction
As the final acceptor of electrons in the respiratory
chain, O2 is vitally important for most living things. The
ability of organisms to sense, respond, and adapt to
changing O2 is correspondingly important for their sur-
vival. Responses to hypoxia can include reducing met-
abolic rate, increasing glycolytic flux, improving O2 de-
livery, and arresting the cell cycle [1–5]. Variation in
ambient O2 can also modify behavior. For example,
many bacteria aerotax to the O2 microenvironment opti-
mal for energy production [6]. Drosophila larvae re-
spond to a sharp drop in O2 by inducing exploratory
behavior and avoiding yeast food [4]. Fish in hypoxic*Correspondence: debono@mrc-lmb.cam.ac.uk
1These authors contributed equally to this work.waters gulp surface air or migrate to more O2 rich
waters [7].
The nematode C. elegans inhabits the air/water inter-
face of rotting organic matter where it feeds on bacteria
and other microorganisms [8]. Because of the low solu-
bility and diffusion coefficient of O2 in water, O2 tension
in soil crumbs can fluctuate over short distances and
time spans from 21% to close to 0% [9–11]. C. elegans
is well adapted to this variation. With plentiful food, it
can maintain the same metabolic rate at 3.6% O2 as at
21% O2 and only reduces its metabolic rate by 50%
when O2 falls to 1% [12]. This allows it to grow at similar
rates when O2 varies from 21% to 1%. C. elegans can
also survive O2 tensions between 1% and 0.25% by
activating the hypoxia response pathway and anoxic
conditions by entering suspended animation [13]. Inter-
mediate O2 concentrations however, between w0.1%
and 0.01% O2, induce lethality [14]. O2 tension probably
has high predictive value for C. elegans: 21% O2 is
likely to indicate proximity to the soil surface; low O2
may be predictive of food because bacteria are high
consumers of O2 [15] or may indicate water-logged soil
interstices. Consistent with this, C. elegans exhibits
strong behavioral responses to changes in ambient O2
and migrates to preferred O2 concentrations [12, 15, 16].
Nematodes lack specialized respiratory or circulatory
systems and rely on diffusion from the environment for
gaseous exchange [17]. Their tissues are bathed in a
body fluid, called “pseudocoelomic” fluid, which fills
the animals’ body cavity and permits exchange of ma-
terials between cells. A small group of neurons extend
sensory cilia into the body fluid or have cell bodies that
lie directly in it [18]. These include AQR, PQR, and URX,
sensory neurons proposed to monitor the body fluid
[19]. AQR, PQR, and URX coexpress five sGCs, GCY-
32, GCY-34, GCY-35, GCY-36, and GCY-37 [15, 20, 21].
The heme binding domain of one of these sGCs, GCY-
35, binds O2, suggesting that its enzymatic activity is
regulated by O2 levels and that AQR, PQR, and URX
can act as O2 sensors [15]. Supporting this notion, mu-
tations in gcy-35 disrupt C. elegans aerotaxis re-
sponses.
GCY-35 and the related sGC subunit GCY-36 also
regulate a naturally polymorphic foraging response
[20]. Some C. elegans wild isolates, including the labo-
ratory reference wild strain N2 (Bristol), respond to
bacterial food by strongly reducing their locomotory
activity and dispersing to feed in isolation [22]. In con-
trast other wild strains, such as the Hawaiian isolate
CB4856, continue moving rapidly on food, accumulate
at the edge of the bacterial lawn where bacteria grow
most abundantly (a behavior termed bordering), and
aggregate together. The natural variation in the locomo-
tory response to food is highly reminiscent of the “ro-
ver” and “sitter” foraging strategies observed in wild
isolates of Drosophila [23]. In C. elegans, rover-like be-
havior characterized by high speed and low turning
rates is called “roaming,” whereas sitter-like behavior
characterized by low speed and high turning rates is
called “dwelling” [24]. In Drosophila, “rover” and “sit-
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906Figure 1. Responses of Feeding Animals to
Changes in Ambient Oxygen
(A and B) Plots of speed against time for an
N2 individual (A) and an npr-1(ad609) mutant
animal (B). Animals were on food throughout
the assays. Speed was measured at intervals
of 0.5 s. The black and red bars represent
the periods before and after the switch from
21% to 11% oxygen, respectively.
(C and D) Traces of the tracks made by the
N2 and npr-1 animals shown in (A) and (B).
Black and red highlight tracks made before
and after the switch from 21% to 11%
oxygen.
(E) Average speeds of feeding animals at
21% oxygen and after a shift to 11% oxygen.
N2 is a solitary wild strain that bears the
npr-1 215V allele; CB4856 is a wild social
that bears the npr-1 215F allele; npr-1(g320)
bears the npr-1 215F allele in an N2 genetic
background. npr-1(ad609) is a strong loss-
of-function allele. For CB4856, npr-1(g320)
and npr-1(ad609) speed is significantly
greater (p < 0.001) at 21% oxygen compared
to 11% oxygen. N2 speeds at 21% and 11%
oxygen are not significantly different (p >
0.05).
(F) Average speeds of the animals in (E) after
their return to 21% oxygen. For CB4856, npr-
1(g320) and npr-1(ad609) speed is signifi-
cantly lower (p < 0.001) at 11% oxygen com-
pared to 21% oxygen. N2 speeds at 11%
and 21% oxygen are not significantly dif-
ferent (p > 0.05). In this and subsequent ex-
periments in which we examine speed of
movement, n > 25 animals.ter” foraging are associated with different alleles of pro- d
atein kinase G [23]. In C. elegans, natural variation in
feeding is associated with two alleles of a neuropeptide a
ireceptor, npr-1, that encode a different amino acid resi-
due at position 215 of the receptor [22]. “Solitary” C
bfeeders bear the dominant npr-1 215V allele, whereas
“social” feeders bear the ancestral recessive allele a
anpr-1 215F [22]. The two receptor variants differ in their
signaling responses to cognate RFamide peptide li- E
agands [25].
One group of neurons in which NPR-1 215V acts to c
iinhibit aggregation and accumulation on abundant bac-
teria consists of AQR, PQR, and URX [19]. NPR-1 215V b
facts in these neurons to antagonize a cGMP pathway
mediated by GCY-35, GCY-36, and the cGMP-gated-
rion-channel subunits TAX-2 and TAX-4 [19, 20]. The in-
volvement of gcy-35 suggests that aggregation and 1
cbordering behaviors are regulated by ambient O2, and
consistent with this, reducing O2 levels disrupts both o
2behaviors [15]. Here, we investigate how acute and
chronic changes in ambient O2 modify C. elegans loco- l
1motion and reprogram behavioral responses.
o
tResults and Discussion
i
1Ambient O2 Levels Regulate C. elegans
Exploratory Activity O
sTo investigate how changes in ambient O2 affect beha-
vior, we examined C. elegans movement in a temporal p
qgradient of O . We subjected feeding C. elegans to2ownsteps and upsteps between 21% and 11% O2 and
nalyzed their behavioral responses by computer-
ssisted videotracking [22]. We chose 11% O2 because
t lies at the upper end of the O2 tensions preferred by
. elegans cultivated under standard conditions and
ecause lowering ambient O2 to 11% strongly disrupts
ggregation and bordering behaviors [15]. For our initial
nalysis, we focused on four genotypes: the solitary
nglish wild strain N2 (Bristol) that bears the npr-1 215V
llele; the aggregating Hawaiian wild strain CB4856 that
arries the npr-1 215F allele; npr-1(g320), an aggregat-
ng strain bearing the npr-1 215F allele in the N2 genetic
ackground; and a strongly aggregating npr-1 loss-of-
unction (lf) mutant, npr-1(ad609).
Lowering ambient O2 from 21% to 11% only slightly
educed the movement of feeding N2 animals (Figures
A, 1C, and 1E and Movie S1). In contrast, the same O2
hange strongly repressed the high locomotory activity
f the other three strains (Figures 1B, 1D, and 1E). At
1% O2, animals bearing npr-1 215F or an npr-1(lf) al-
ele roamed on food at speeds of 150–180 m/s−1; at
1% O2, they switched to slow movements at speeds
f 20–45 m/s−1 that resulted in little if any transloca-
ion (Figures 1B, 1D, and 1E and Movie S2). This behav-
oral change lasted as long as ambient O2 remained at
1% (>10 min; data not shown), suggesting that the
2 downstep induced a persistent change in neuronal
ignaling without appreciable adaptation during this
eriod. The behavioral change could, however, be
uickly reversed: npr-1 mutants and animals bearing
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907Figure 2. The Aerokinetic Response
(A) Average number of reversals and omega turns made by npr-1(ad609) animals during 2-min intervals before a switch from 11% to 21%
oxygen (“11% Oxygen”), immediately after the switch (“Transition”), and at the end of the assay (“21% Oxygen”). Animals were recorded for
4 min at 11% oxygen followed by 4 min at 21% oxygen. p < 0.001 for comparisons of average number of reversals and omega turns between
the “Transition” period and both the “11% Oxygen” and “21% Oxygen” periods.
(B) The speed of npr-1 mutant animals progressively decreases as ambient oxygen concentration falls from 21% to 7%. In this and subsequent
panels, the percentage in parentheses on the x axis indicates the oxygen concentration after a downstep from 21% oxygen. p < 0.001 for
comparisons of speed between 7% and 11%, 11% and 14%, and 17% and 21% oxygen. Average speed was calculated as in Figure 1.
(C) The net distance traveled by npr-1 animals on food decreases with decreasing ambient oxygen. Plotted is the average net distance
traveled during 20 s intervals. p < 0.002 for comparisons between 7% and 11%, 11% and 14%, and 17% and 21% oxygen.
(D) Graphs showing the shift in speed of movement as ambient oxygen tensions fall. Each event is the speed calculated at 0.5 s intervals.
For each condition, data plotted represent events occurring during more than 50 min of recording.
(E) When removed from food, well-fed solitary and social strains maintain high locomotory activity at high (21%)- and low (11%, 7%, 5%)-
oxygen tensions.
(F) The effects of varying food concentration on the oxygen responses of N2 and npr-1 animals. O.D. refers to the optical density at 600 nm
of the bacterial culture used to make the food patch (see Experimental Procedures). p < 0.002 for a comparison between the speed of npr-1
animals at 11% oxygen on O.D. 0.25 and O.D. 4.0 lawns.
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909As O2 dropped, bouts of rapid forward movement, N2 locomotory activity. In contrast, at 21%, O2 npr-1
Figure 3. Different sGCs Expressed in the AQR, PQR, and URX Neurons Play Different Roles in Regulating Oxygen-Related Behaviors
(A) Mutations in gcy-35 or gcy-36 prevent the slowing response of feeding npr-1 mutants to an oxygen downstep. Targeted expression of
GCY-36 in the AQR, PQR, and URX neurons with the gcy-32 promoter, or in URX with the flp-8 promoter, restores the slowing response to
npr-1 gcy-36 animals. p < 0.001 for all comparisons between gcy; npr-1 strains and npr-1 mutants in 11% oxygen. p < 0.003 for a comparison
between the transgenic strains and npr-1 gcy-36 nontransgenic controls in 11% oxygen.
(B) Mutations in either gcy-32 or gcy-34 do not affect aggregation and bordering behaviors of npr-1 mutant animals. However, simultaneously
disrupting both genes significantly reduces both behaviors. p < 0.001 for a comparison between gcy-32 gcy-34; npr-1 and npr-1. Targeted
expression of gcy-32 cDNA in AQR, PQR, and URX with the gcy-32 promoter restores both aggregation and bordering behaviors to gcy-32
gcy-34; npr-1 animals. p < 0.001 for a comparison between the transgenic strain and gcy-32 gcy-34; npr-1 control animals.
(C) gcy-32 gcy-34; npr-1 animals display a sensitized slowing response to an oxygen downstep from 21% to 17% compared to npr-1 animals.
p < 0.001 for a comparison between gcy-32 gcy-34; npr-1 and npr-1 in 17% oxygen.
(D) Loss of gcy-35 or gcy-36 or both disrupts the preference of npr-1 animals grown under standard conditions for 5%–11% oxygen. In this
and subsequent aerotaxis assays: asterisk, p < 0.05; double asterisk, p < 0.01; triple asterisk, p < 0.001 from the control.
(E) Disrupting either gcy-32 or gcy-34 or both does not significantly alter the aerotaxis behavior of npr-1 animals grown under standard condi-
tions.the npr-1 215F allele resumed high locomotory activity
within seconds of ambient O2 returning to 21% from
11% (Figure 1F and Movie S3). Thus, a drop in O2 in-
duces a rapidly reversible switch from roaming to
dwelling in feeding animals carrying the npr-1 215F wild
allele or lacking npr-1 activity. The persistence of the
change in locomotory activity suggests that it is cou-
pled to absolute O2 levels rather than to rates of change
in ambient O2.
C. elegans navigates thermal and chemical gradients
by modulating the probability of turning behavior [26,
27]. Turns can be produced in two ways: by a reversal,
which is followed by a resumption of forward move-
ment in a new direction, and by omega turns (also
known as deep ventral bends) in which the animal’s
head is brought close to its tail [28]. To determine
whether C. elegans could navigate O2 gradients by reg-
ulating turning, we examined the rates of reversal and
omega turns of feeding npr-1 animals while O2 levels
rose from 11% to 21% (Figure 2A). The rate of both
reversals and omega turns increased significantly while
animals experienced a rise in O2. No such change was
seen when control animals were subjected to a mock
shift from 21% to 21% O2 (data not shown). These data
implicate a role for turning behavior in avoidance of
high ambient O2. Because the increase in turning rate
was transitory, it is likely to be coupled to detection of
rate of change in O2 concentration, dO2/dt, rather than
O2 level per se. Together, these data suggest that
C. elegans modulates both locomotion speed and rate
of turning to navigate O2 gradients.
Roaming of npr-1 Animals Is Graduated
According to O2 Tension
We next compared how feeding npr-1 animals re-
sponded to O2 steps from 21% to 7%, 11%, 14%, or
17% (Figures 2B, 2C, and 2D). Each of these O2 down-
steps induced significant slowing in npr-1 animals. In-
terestingly, the suppression of movement became more
pronounced as O2 levels fell lower (Figure 2B). Net
movement of animals across the food patch fell even
more dramatically than speed: at 7% and 11% O2 ani-
mals remained essentially in one location (Figure 2C).
To examine this slowing more closely, we plotted the
distribution of animal speeds at different O2 tensions.characterized by high rates of initiation and propaga-
tion of body bends, were progressively suppressed
(Figure 2D). The dynamic range of this response ex-
tended from 21% O2 to below 11% O2. The exploratory
activity of feeding npr-1 animals is therefore graded by
ambient O2, indicating that these animals can exhibit
aerokinesis.
The Switch from Roaming to Dwelling in Response
to Drops in O2 Is Regulated by Food
In our previous experiments, we examined the behav-
ioral consequences of changing O2 in the presence of
bacterial food. We next investigated how lowering O2
influenced locomotion when bacteria were absent. In-
terestingly, when they were removed from food, well-
fed C. elegans did not strongly suppress movement
when O2 was reduced from 21% to 11% (Figure 2E).
A caveat of our experiments is that bacteria them-
selves can reduce ambient O2 [15]. In experiments per-
formed in the presence of bacteria, animals may have
experienced a lower O2 concentration than they experi-
enced when bacteria were absent. To control for this,
we monitored O2 in the bacterial lawn (see Experimen-
tal Procedures). O2 tension in the thin lawns used in our
assays was not significantly different from O2 in the gas
phase above the lawn (data not shown). Nevertheless,
we repeated our “food-absent” experiments but in-
creased the size of the O2 downstep. Reducing ambient
O2 from 21% to 7% or 5% in the absence of food had
only weak inhibitory effects on the locomotory activity
of npr-1 mutants (Figure 2E). These data suggest that
it is signals from bacteria, not differences in O2 levels
because of bacterial activity, that account for the dif-
ferent locomotory responses of feeding and nonfeeding
C. elegans to changes in ambient O2. Thus, animals
bearing the npr-1 215F wild allele or an npr-1(null) mu-
tation integrate signals about ambient O2 with signals
from food to switch between roaming and dwelling be-
havior.
To study the effect of food on the O2 response further,
we varied bacterial density 16-fold (see Experimental
Procedures) (Figure 2F). N2 animals moved more
quickly on sparse food than on thick food at 21% O2
(compare Figure 2F with Figure 1E); however, even on
sparse food, reducing O2 to 11% only weakly inhibited
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910Figure 4. Multiple Roles for NPR-1 215V in
Regulating Locomotory Activity in Response
to Food and Ambient Oxygen
Expressing EGL-2(gf), a K+ channel that
opens at inappropriately negative voltages,
in the AQR, PQR, and URX neurons prevents
feeding npr-1 animals from slowing in re-
sponse to 11% oxygen. Targeted expression
of the NPR-1 215V isoform in AQR, PQR, and
URX with the gcy-32 promoter, or in URX and
AUA with the flp-8 promoter, similarly pre-
vents the slowing response of feeding npr-1
animals to 11% oxygen. However, like npr-1
mutant animals, these transgenic animals
continue to move at high speed on food in
21% oxygen. p < 0.001 for a comparison be-
tween the transgenic strains and npr-1 in
11% oxygen and between the transgenic
strains and N2 in 21% oxygen.animals maintained similar high speeds of movement g
3at the different food densities tested but slowed down
istrongly when O2 was reduced to 11%. The magnitude
gof the npr-1 slowing response to an O2 downstep was
Hgreater at higher food densities. Together, these data
gsuggest that the slowing responses of N2 and npr-1
banimals are coupled to different environmental features.
W
oGCY-35 and GCY-36 Mediate the Switch
from Roaming to Dwelling
cWe next asked if the switch from roaming to dwelling
vinduced in npr-1 animals by a drop in O2 was mediated
sby sGCs. At 21% O2 and in the presence of food, gcy-
e35; npr-1, npr-1 gcy-36 and gcy-35; npr-1 gcy-36 mu-
rtants all exhibit high roaming behavior similar to social
ewild isolates of C. elegans and npr-1 mutants [20] (Fig-
aure 3A). Interestingly, however, these animals did not
Tsignificantly reduce locomotory activity when O2 was ireduced to 11% (Figure 3A). The switch from roaming
to dwelling could be restored to npr-1 gcy-36 mutants
t
by expressing gcy-36 cDNA in AQR, PQR, and URX
t
from the gcy-32 promoter (Figure 3A). Expressing gcy-
g
36 cDNA in URX with the flp-8 promoter also restored i
the switch (Figure 3A). These data suggest that GCY- p
35 and GCY-36, acting in AQR, PQR, and URX, signal a
to suppress the locomotory activity of npr-1 animals s
when ambient O2 levels fall. Interestingly, however, 3
npr-1 gcy-36 mutant animals still transiently increased r
the rate of reversals and omega turns when O2 levels t
were changed from 11% to 21% (Figure S1B), suggest- f
ing that other molecules can couple changes in ambi- t
ent O2 to turning. c
a
Distinct Functional Roles for Different sGCs u
Expressed in the Body Cavity Neurons e
The AQR, PQR, and URX neurons express three other n
sGCs besides GCY-35 and GCY-36, called GCY-32, G
GCY-34, and GCY-37 [15, 20, 21]. The sequence sim- α
ilarity and coordinate expression of these five sGCs [
suggest that they have similar or related functions in O2
isensation. Null mutations are available for gcy-32 andcy-34 but not for gcy-37. Whereas mutations in gcy-
5 and gcy-36 strongly disrupt aggregation and border-
ng of npr-1 mutant animals, null mutations in either
cy-32 or in gcy-34 do not affect these behaviors [20].
owever, the sGCs encoded by these two genes share
reater than 83% amino acid identity, raising the possi-
ility that each could compensate for loss of the other.
e therefore examined the behavioral consequences
f knocking out both genes.
Simultaneously disrupting gcy-32 and gcy-34 signifi-
antly reduced the aggregation and bordering beha-
iors of npr-1 mutant animals (Figure 3B) but less
trongly than inactivating either gcy-35 or gcy-36. As
xpected, strong aggregation and bordering could be
estored to the gcy-32 gcy-34; npr-1 triple mutants by
xpressing gcy-32 cDNA specifically in the AQR, PQR,
nd URX neurons with the gcy-32 promoter (Figure 3B).
hese data suggest that GCY-32 and GCY-34 can also
nfluence aggregation and bordering behaviors.
Our results prompted us to investigate the locomo-
ory responses of gcy-32 gcy-34; npr-1 mutant animals
o changes in O2 levels. Like gcy-35; npr-1 and npr-1
cy-36 animals, gcy-32 gcy-34; npr-1 mutants exhib-
ted high roaming activity at 21% O2 (Figure 3C). Sur-
risingly, however, loss of gcy-32 and gcy-34 did not
ttenuate the switch from roaming to dwelling in re-
ponse to a drop in O2. On the contrary, gcy-32 gcy-
4; npr-1 animals showed a sensitized response and
educed locomotory activity significantly more strongly
han control npr-1 animals in response to a downstep
rom 21% to 17% O2 (Figure 3C). One possible explana-
ion for this unexpected result is that sGC heterodimers
ontaining GCY-32 and GCY-34 are inactive under our
ssay conditions, but loss of GCY-32 and GCY-34 sub-
nits increases the abundance of GCY-35/GCY-36 het-
rodimers in AQR, PQR, and URX, thus enhancing sig-
aling from this enzyme. Consistent with this, GCY-32,
CY-34, and GCY-35 all have active site signatures of
subunits and could compete for GCY-36 β subunits
20, 29].
To extend our results, we examined how mutations
n the different sGCs affected aerotaxis behavior. Muta-
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rons to Oxygen Sensation
str-1-driven expression of GCY-35 and GCY-36 in the AWB neurons
of gcy-35; npr-1 gcy-36 mutants induces a strong avoidance of
high ambient oxygen compared to nontransgenic controls.tions in gcy-35 have been shown to alter aerotaxis [15],
but the aerotaxis phenotypes of the other sGCs have
not been investigated. We focused our studies on ani-
mals lacking the neuropeptide receptor NPR-1 because
NPR-1 can dampen aerotaxis responses under some
conditions [15]. gcy-35; npr-1 and npr-1 gcy-36 mutants
exhibited similar defects: they showed reduced avoid-
ance of high O2 and accumulated at regions of 12%–
18% O2; control npr-1 animals accumulated at 5%–
12% O2, as reported previously [15] (Figure 3D). These
data are consistent with GCY-35 and GCY-36 acting to-
gether as α/β heterodimers, as suggested by in vivo
mutagenesis studies [20]. In contrast, mutants lacking
gcy-32 or gcy-34 or both did not show significant
changes in their aerotaxis responses, mirroring their
less-profound effects on aggregation, bordering, and
locomotion (Figure 3E). Thus, although GCY-35 and
GCY-36 play major roles in aerotaxis in animals grown
under standard conditions, GCY-32 and GCY-34 are
less important.
A Dominantly Active K+ Channel Inhibits
Responses to O2 Downsteps
Lowering ambient O2 could signal through GCY-35/
GCY-36 heterodimers to either depolarize or hyperpo-
larize the AQR, PQR, and URX neurons. To distinguish
between these possibilities, we examined the O2 re-
sponses of transgenic npr-1 animals expressing the
dominantly active K+ channel EGL-2(gf) specifically in
AQR, PQR, and URX. This mutant K+ channel opens
at inappropriately negative voltages [30] and would be
expected to inhibit depolarization. Retaining the roam-
ing behavior displayed by npr-1 mutants and wild ag-
gregating strains under similar conditions, animals ex-
pressing EGL-2(gf) in AQR, PQR, and URX move rapidly
in 21% O (Figure 4) [19]. Interestingly, however, when2O2 levels were reduced from 21% to 11%, npr-1; pgcy-
32::egl-2(gf) animals failed to switch to dwelling beha-
vior and resembled gcy-35; npr-1 or npr-1 gcy-36 mu-
tants (Figure 4). These data suggest that reducing O2
levels activates GCY-35/GCY-36, which depolarize the
AQR, PQR, and URX neurons, and that the egl-2(gf)
transgene prevents the switch from roaming to dwelling
by keeping the neurons at a hyperpolarized voltage.
Natural Variation at NPR-1 Reconfigures
Several Neural Circuits
Wild C. elegans strains bearing the npr-1 215F allele
(e.g., CB4856 Hawaii) maintain high locomotory activity
in the presence of food at an ambient O2 concentration
of 21% but respond strongly to drops in O2 level by
suppressing movement (Figure 1E). In contrast, wild
strains bearing the npr-1 215V allele (e.g., N2 Bristol)
strongly reduce locomotory activity on encountering
food at 21% O2 but respond with only a weak further
reduction in movement when ambient O2 falls (Fig-
ure 1E).
To explore these polymorphic responses to food and
O2 further, we studied npr-1 loss-of-function mutants
that selectively express npr-1 215V in the AQR, PQR,
and URX neurons from the gcy-32 promoter or in URX
and its postsynaptic target AUA from the flp-8 pro-
moter. At 21% O2, these transgenic animals retained
the high movement that characterizes npr-1 mutants
and wild aggregating strains (Figure 4). Thus, NPR-1
215V does not act in the body cavity neurons to enable
food-induced slowing at high ambient O2. Interestingly,
however, these animals failed to induce a switch from
roaming to dwelling when O2 was reduced from 21% to
11% in (Figure 4). Thus, expressing NPR-1 215V in the
body cavity neurons had the same behavioral conse-
quences as expressing the dominantly active K+ chan-
nel EGL-2(gf), suggesting that activation of the NPR-1
215V receptor inhibits the slowing response to low O2
by blocking depolarization of AQR, PQR, and URX.
GCY-35 and GCY-36 Can Transform Olfactory
Neurons into O2 Sensors
In our various assays, mutants lacking either gcy-35 or
gcy-36 had strongly reduced responses to O2, whereas
individual or combined loss of gcy-32 and gcy-34 had
only mild effects (Figures 3A–3E) [20]. These data sug-
gested that GCY-35/GCY-36 heterodimers play the do-
minant role in transducing O2 signals in AQR, PQR, and
URX under our assay conditions. This prompted us to
ask: Is expression of GCY-35 and GCY-36 sufficient to
engineer O2 sensitivity into a heterologous neuron
in vivo? To address this possibility, we focused on the
AWB olfactory neurons. AWB neurons coordinate an
avoidance response to noxious odors by regulating a
cGMP-gated ion channel [31]. We reasoned that GCY-
35/GCY-36 might be able to couple the cGMP-gated
channel’s activity—and, therefore, the neural circuitry
associated with AWB—to ambient O2 levels. To selec-
tively express GCY-35 and GCY-36 in the AWB neurons,
we used the str-1 promoter [31]. We confirmed AWB-
specific expression by placing cDNAs for GCY-35 and
GCY-36 in an operon with DNA encoding green fluores-
Current Biology
912
Regulation of C. elegans Behavior by Ambient O2
913tion in 1% oxygen. Interestingly, animals lacking gcy-trast, hypoxia-treated npr-1 animals delayed the onset
Figure 6. Cultivation in 1% Oxygen Reprograms Aerotaxis Responses
(A) npr-1 mutants cultivated in 1% oxygen for 4–6 hr do not aggregate after return to normoxia but resume aggregation behavior after a
further 4 hr of cultivation in normoxia.
(B) Cultivation in 1% oxygen causes a shift in the oxygen preference of npr-1 animals. Animals grown under standard conditions prefer 5%–
12% oxygen, whereas animals grown in 1% oxygen preferentially migrate to oxygen tensions lower than 7%.
(C) The shift in aerotaxis requires cultivation in low ambient oxygen for several hours. Animals reared in 1% oxygen for 2 hr aerotax similarly
to animals reared under standard conditions, whereas animals reared in 1% oxygen for 4 hr start preferring 0%–7% oxygen.
(D) The hypoxia-induced shift in aerotaxis is reversible. 1 hr after return to normoxia, animals cultivated in 1% oxygen for 6 hr aerotax similarly
to animals reared in normoxia.
(E) A 6 hr exposure to 1% oxygen in the absence of food does not induce a subsequent preference for 0%–7% oxygen.
(F) Animals expressing npr-1 215F exhibit strong reprogramming of aerotaxis after cultivation in 1% oxygen, whereas N2 animals that express
NPR-1 215V show only weak reprogramming.cent protein (GFP) and observing GFP expression in the
appropriate neurons (data not shown).
In our first experiment, we introduced the str-1::gcy-
35::gfp and str-1::gcy-36::gfp transgenes into animals
carrying the npr-1 215F allele. Avoiding high O2 levels
more strongly than nontransgenic controls, the trans-
genic animals showed a small but significant shift in
their aerotaxis behavior (data not shown). We next ex-
pressed the transgenes in gcy-35; npr-1 gcy-36 mu-
tants. Because animals lacking endogenous gcy-35
and gcy-36 show reduced avoidance of high O2, we
reasoned that they might provide a more sensitive
background to test our hypothesis. This prediction was
borne out: gcy-35; npr-1 gcy-36 triple mutants selec-
tively expressing GCY-35 and GCY-36 in the AWB neu-
rons showed a dramatic shift in aerotaxis behavior,
avoiding O2 levels more strongly than control gcy-35;
npr-1 gcy-36 animals and resembling more closely
npr-1 animals (Figure 5). Expression of gcy-35 and gcy-
36 in AWB did not, however, restore aggregation beha-
vior to these animals (data not shown). These data sug-
gest that adding GCY-35 and GCY-36 to neurons that
express a cGMP-gated ion channel is sufficient to cou-
ple the behavioral output of these neurons to changes
in ambient O2.
C. elegans Cultivated in 1% O2 Seek Instead
of Avoiding 0%–5% O2
If GCY-35 and GCY-36 are sufficient to induce O2 re-
sponsiveness in a heterologous neuron, what are the
roles of GCY-32 and GCY-34? The absence of aerotaxis
phenotypes associated with loss of these genes in ani-
mals grown under standard conditions raised the pos-
sibility that they play more important roles when C. ele-
gans experiences different cultivation conditions. To
investigate this possibility, we cultivated npr-1 animals
in a low-O2 environment and examined their subse-
quent behavior.
The aggregation of npr-1 animals is highly sensitive
to changes in the activity of sGCs expressed in AQR,
PQR, and URX. We therefore used this behavior as a
first bioassay for hypoxia-induced changes in O2 sen-
sation. We cultivated npr-1 animals in 1% O2 for 4 hr
and tested their ability to aggregate when returned to
21% O2. We tested animals that had not been exposed
to the 1% O2 regime as controls. As expected, npr-1
animals not exposed to hypoxia aggregated strongly
within 1 hr of being placed on food (Figure 6A). In con-of group formation, resuming strong aggregation only
after a further 4 hr of cultivation at 21% O2 (Figure 6A).
Thus, cultivation in 1% O2 causes a long-lasting sup-
pression of aggregation behavior, but this suppression
can be reversed by cultivation in high O2.
We next examined whether cultivation in 1% O2 al-
tered C. elegans aerotaxis in a gradient of 0%–21% O2.
Surprisingly, npr-1 animals cultivated for 4 or 6 hr in 1%
O2 with food preferred to migrate to 0%–7% O2 in an
O2 gradient (Figures 6B and 6C). In contrast, animals
cultivated in 1% O2 for only 2 hr, or control animals
cultivated in parallel under standard (high-O2) condi-
tions, accumulated at 5%–12% O2 (Figures 6B and 6C)
[15]. These data suggest that cultivation for several
hours in low O2 induces C. elegans to change its pre-
ferred ambient O2 concentration. This altered O2 prefer-
ence could be reversed by cultivating animals in a high-
O2 environment for 1 hr (Figure 6D).
One explanation for our results was that the animals
had learnt to associate low ambient O2 with the pres-
ence of food. We therefore asked if the change in aero-
taxis was contingent on the presence of food during
the exposure to 1% O2. Consistent with this hypothe-
sis, npr-1 mutants maintained for 6 hr in 1% O2 without
food did not acquire a preference for 0%–7% O2 but
continued to migrate to 5%–11% O2 (Figure 6E). These
results suggest that C. elegans growing in hypoxia can
integrate information about ambient O2 with informa-
tion about feeding status to reprogram aerotaxis, ena-
bling C. elegans to migrate toward low O2 environments
if these were previously associated with food.
The initial experiments were performed with npr-1
(null) mutant animals. We next investigated whether an-
imals bearing the two natural alleles of npr-1 also al-
tered their aerotaxis after cultivation in 1% O2. Interest-
ingly, whereas animals bearing npr-1 215F showed a
strong preference for low O2 after growth in hypoxia,
animals bearing npr-1 215V showed only a weak prefer-
ence (Figure 6F). These data suggest that NPR-1 215V
inhibits the hypoxia-induced shift in aerotaxis.
The Shift in Aerotaxis Is Associated with Changes
in sGC Activity
Cultivation in 1% O2 could modify aerotaxis by altering
the activity of sGCs or of the neurons that express
these O2 sensors. To investigate these possibilities, we
examined the ability of npr-1 animals lacking one or
more sGC to shift their aerotaxis behavior after cultiva-
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tion in 1% Oxygen Requires gcy-32 and
gcy-34
(A and B) npr-1 animals lacking gcy-35 or
gcy-36 (A) or gcy-32 and gcy-34 (B) are de-
fective in aerotaxis to 0%–7% oxygen after
cultivation in 1% oxygen. In (A), p < 0.001 for
a comparison between npr-1 gcy-36, gcy-35;
npr-1 gcy-36 and the control at bin 8 (black
asterisk), and p < 0.02 for a comparison be-
tween npr-1 gcy-35 and the control at the
same bin (red asterisk).
(C) Cultivation in 1% oxygen alters the ex-
pression profile of oxygen-sensing neurons.
GFP expression driven by the gcy-32, gcy-
35, gcy-36, and flp-8 promoters is downreg-
ulated in the URX neuron in animals grown
in 1% oxygen compared with animals grown
under normal conditions. No such downreg-
ulation is observed for GFP driven by the
control str-3 promoter. str-3 is expressed in
the ASI neurons. For each bar n > 100 ani-
mals scored on one side.35, gcy-36, gcy-32, or gcy-34 all failed to aerotax pref- [
serentially to 0%–7% O2 under these conditions (Figures
7A and 7B and Figure S2). Thus, whereas mutations in n
fgcy-32 and gcy-34 did not appreciably alter the aero-
taxis behavior of npr-1 animals grown under standard g
wconditions (Figure 3E), loss of gcy-32 and gcy-34 dis-
rupted the shift in aerotaxis induced by cultivation in (
olow O2 (Figure 7B and Figure S2). These data suggest
that the hypoxia-induced shift in aerotaxis is mediated, p
at least in part, by activating sGCs that contain GCY-
32 and GCY-34 subunits. Because the gcy-32 and gcy- C
34 genes both appear to be highly expressed in AQR, C
PQR, and URX in animals cultivated under standard v
conditions [15, 21], this activation may occur posttran- t
scriptionally. o
2
iExposure to Hypoxia Alters sGC Expression
Because the shift in aerotaxis after cultivation in hyp- s
aoxia required several hours (Figures 6A and 6B), we
speculated that this behavioral plasticity might also in- O
ovolve transcriptional changes. We therefore examined
whether cultivation in hypoxia more broadly altered the G
ifunction of the AQR, PQR, and URX neurons. For our
experiment, we compared the expression of gcy-32, n
tgcy-35, gcy-36, and flp-8 genes in URX neurons in ani-
mals grown in 21% and 1% oxygen. flp-8 encodes a A
tFMRFamide-related peptide expressed in the URX and
several other neurons [32]. To monitor expression, we r
Gused reporter constructs consisting of gcy-32, -35, -36,
or flp-8 upstream sequences driving expression of GFP s20]. We monitored expression of GFP driven from the
tr-3 promoter, expressed in the ASI chemosensory
eurons, as a control [33]. Expression of the gcy and
lp-8 reporters was significantly reduced in animals
rown at 1% when compared to animals grown at 21%,
hereas expression of str-3 was, if anything, induced
Figure 7C). Thus, prolonged exposure to low O2 not
nly alters aerotaxis behavior but also alters the ex-
ression profile of oxygen-sensing neurons.
onclusions
. elegans can navigate O2 gradients by modulating re-
ersals, turning rates, and speed of movement. Aero-
axis responses can be reprogrammed by experience
r engineered artificially. Animals that carry the npr-1
15F natural allele or that lack npr-1 function integrate
nformation from an O2-sensing pathway and a food-
ensing pathway to regulate a switch between roaming
nd dwelling behavior. Low O2 induces dwelling; high
2 induces roaming. A simple model that accounts for
ur results is that O2 inhibits the activity of a GCY-35/
CY-36 heterodimeric soluble guanylate cyclase, and
ncremental drops in O2 progressively activate gua-
ylate cyclase activity (Figure 8A). Rising cGMP opens
he TAX-2/TAX-4 cGMP-gated channel expressed in
QR, PQR, and URX [19, 34, 35], leading to depolariza-
ion and, when food is present, strong suppression of
oaming behavior (Figure 8C). Negative regulation of
CY-35/GCY-36 by O2 is consistent with an in vitro
tudy of Drosophila atypical sGCs which show 4- to 10-
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atory Behavior and Aerotaxis by Oxygen
and Food
(A) A model for the regulation of AQR, PQR,
and URX activity by ambient oxygen. In npr-1
mutants and social wild strains bearing the
npr-1 215F allele, drops in ambient oxygen
progressively activate GCY-35/GCY-36 het-
erodimers. The resulting rise in cGMP opens
the cGMP-gated ion channel TAX-2/TAX-4
leading to depolarization of the neurons. In
solitary wild strains, the NPR-1 215V recep-
tor is activated by FLP-18 and/or FLP-21 li-
gands in response to food and inhibits syn-
aptic release from AQR, PQR, and URX,
effectively silencing these neurons. Although
we have shown NPR-1 215V to be acting
downstream of TAX-2/TAX-4 in the model, it
could also act upstream, by activating, for
example, a cGMP phosphodiesterase.
(B) A model for reprogramming of aerotaxis
after cultivation in 1% oxygen. Chronic acti-
vation of GCY-35/GCY-36 sGC leads to acti-
vation of sGCs that contain GCY-32 and
GCY-34, allowing AQR, PQR, and URX neu-
rons to direct aerotaxis to 0%–7% oxygen.
(C) A model for how a drop in ambient oxy-
gen induces a slowing response in feeding animals that lack npr-1 or bear the npr-1 215F allele. NPR-1 215F does not prevent activation of
AQR, PQR, and URX in response to a drop in oxygen. This allows synergistically-acting inputs from the AQR, PQR, and URX oxygen-sensing
neurons and from an unidentified food-sensing neuron to induce slowing. Sensory integration could occur either in AQR, PQR, URX, or
downstream of these neurons, as shown.
(D) NPR-1 215V reconfigures sensory pathways coupling food, ambient oxygen, and the slowing response. NPR-1 215V suppresses activation
of AQR, PQR, and URX when oxygen levels drop, uncoupling the slowing response from changes in ambient oxygen. Instead, NPR-1 215V
enables a different, unidentified neural circuit to suppress locomotion upon ligand release in response to food.fold increased cyclase activity when O2 is reduced from
21% to 0% [36]. The food-sensing pathway could di-
rectly modulate the AQR, PQR, and URX neurons. Alter-
natively, the two pathways could integrate information
downstream of AQR, PQR, and URX.
Unlike wild C. elegans that bear the ancestral npr-1
215F allele, wild strains that encode npr-1 215V
strongly reduce movement in response to food even at
21% O2 [22, 37]. A drop in ambient O2 only weakly in-
hibits locomotory rate while these animals feed. Our
data suggest that evolution of the NPR-1 215V receptor
modified multiple circuits to reorganize the coupling
between O2 and food sensation and the slowing re-
sponse. First, NPR-1 215V inhibits the AQR, PQR, and
URX neurons in feeding animals, thereby blunting the
slowing induced by low ambient O2 (Figure 8D). Sec-
ond, the same NPR-1 215V isoform enables a different
O2-insensitive circuit to induce slowing when animals
encounter food (Figure 8D). Variation at NPR-1 thus al-
lows different C. elegans strains to couple their slowing
response to different salient features of their environ-
ment. Coordinately reorganizing the coupling of multi-
ple sensory inputs to execution of a behavioral re-
sponse may be a common mechanism for behavioral
evolution.
Our experiments provide in vivo evidence that GCY-
35 and GCY-36 are sufficient to confer O2 sensitivity to
neurons whose activity can be regulated by cGMP.
They also provide insights into signal transduction in
the AWB olfactory neurons. The AWB neurons mediate
avoidance of noxious odors [31]. Previous studies sug-
gest that this avoidance is mediated by a cGMP path-way: loss of the transmembrane guanylate cyclases
ODR-1 and DAF-11 and of the cGMP-gated-ion-chan-
nel subunits TAX-2 and TAX-4 disrupt AWB-mediated
odor avoidance [31, 38]. However, it has been unclear
whether noxious odors stimulate or inhibit cGMP pro-
duction in AWB neurons. Animals selectively express-
ing GCY-35/GCY-36 in AWB strongly avoid high O2. If
the GCY35/36-soluble guanylyl cyclase is inhibited by
O2, this suggests a model for AWB signaling: in wild-
type animals, noxious odors inhibit cGMP accumula-
tion, leading to closure of TAX-2/TAX-4 cGMP-gated
ion channels, hyperpolarization, and odor avoidance.
Targeted expression of GCY-35/GCY-36 may be gen-
erally useful to manipulate circuits that use cGMP as a
second messenger.
O2 responses can be modified by experience. Ani-
mals cultivated under standard high-O2 conditions
avoid O2 tensions lower than 5% and preferentially mi-
grate to 5%–12% O2 when placed in an O2 gradient
[15]. In contrast, after cultivation for several hours with
abundant food in 1% O2, npr-1 animals alter their O2
preference and migrate to between 0% and 7% O2. This
change in aerotaxis does not occur if animals are ex-
posed to 1% O2 without bacterial food. This suggests
that the shift in aerotaxis reflects an adaptive response
by which C. elegans migrates to O2 tensions previously
associated with food. This is reminiscent of C. elegans
behavior in a thermal gradient where, within its viable
temperature range, well-fed C. elegans seeks its most
recent cultivation temperature [39, 40].
The shift in aerotaxis after cultivation in low O2 in-
volves a reprogramming of the AQR, PQR, and URX
Current Biology
916Mneurons. The GCY-32 and GCY-34 sGCs do not appear
Gto contribute to aerotaxis in animals grown under stan-
dard conditions but, together with GCY-35 and GCY-
36, are required for migration to 0%–7% O2 in hypoxia- S
cultivated C. elegans. Reporter constructs suggest that S
GCY-32 and GCY-34 are expressed in AQR, PQR, and m
cURX under standard cultivation conditions [15, 20, 21].
1We propose that GCY-32, GCY-34, and GCY-35 α sub-
units form alternate α/β sGC heterodimers and that
these are active and responsive to O2 changes under A
different conditions. Under standard cultivation condi-
tions, GCY-35/GCY-36 heterodimers are activated by W
drops in O2, but GCY-32- and GCY-34-containing het- o
ferodimers have low O2 responsiveness and guanylate
mcyclase activity (Figure 8A). Cultivation in low O2 acti-
Avates GCY-32- and GCY-34-containing heterodimers,
r
perhaps by a posttranslational modification, and these d
then contribute to aerotaxis to low O2 environments
(Figure 8B). How might hypoxia modify GCY activity?
R
Low ambient O2 appears to result in prolonged activa- R
tion of GCY-35/GCY-36. This would elevate cGMP, gate A
the TAX-2/TAX-4 channels, and presumably elevate in- P
tracellular Ca2+. Changes in GCY-32 and/or GCY-34
Rfunction could be downstream consequences of per-
sistent elevation in the cGMP and Ca2+ second mes-
sengers. These same changes could also signal to alter
the transcriptional profile of AQR, PQR, and URX.
Experimental Procedures
Strains
Nematodes were grown at 20°C under standard conditions [41].
Double mutant strains were constructed with balancer chromo-
somes in an N2 background, and genotypes were confirmed with
the polymerase chain reaction. Strains used or generated in this
study are listed in the Supplemental Data.
Germline transformation was carried out as described [42] with
lin-15 (pJMZ, 30 ng/l−1) or punc-122::gfp (30 ng/l−1) as a coinjec-
tion marker [43]. Test DNA was injected at 50 ng/l−1. At least two
transgenic lines were assayed for each construct; the figures show
data from one representative line. In experiments involving targeted
neuronal expression (Figures 3, 4, and 5), constructs were designed
as promoter::gene::gfp polycistronic transgenes [19]. This allowed
the expected expression pattern to be confirmed by Nomarski and
fluorescence confocal microscopy.
Behavioral Assays
Aggregation and bordering behaviors on food were quantified as 1
described previously [22]. Aerotaxis assays were carried out as de-
scribed [15]. For aggregation, bordering, and aerotaxis assays,
data represent means of six or more assays carried out over sev- 1
eral days. Animals were placed in a 3.5 cm petri dish (Falcon), and
defined N2::O2 mixtures (British Oxygen Company) were pumped 1
through a hole in the lid to measure locomotory responses to
changes in ambient O2. See the Supplemental Data for more de-
tails. Assays were recorded as digital-video footage and analyzed 1
with Digital Image Analysis System (DIAS) software (Solltech, Inc.),
as described previously [22]. For all locomotion assays, each data
point represents the time-weighted average speed from at least 20 1
min of recording. Statistical significance was determined by the
two-tailed t test. In all figures, error bars represent the S.E.M. Sam-
ple videos (speeded up 16 times) are shown in the Supplemental
Data. Animals growing on 5 cm NGM plates with E. coli OP50 food 1
were placed in purposely-built perspex boxes and subjected to a
continuous stream of 1% O2::99% N2 to cultivate C. elegans in hyp-
oxia. O2 levels were monitored in our experiments by using an Oxy-
1Microtip probe with a 20 m sensor tip (Loligo, Denmark).olecular Biology
eneral molecular manipulations followed standard protocols [44].
upplemental Data
upplemental Data include two figures, three movies, and Supple-
ental Experimental Procedures and can be found with this arti-
le online at http://www.current-biology.com/cgi/content/full/15/
0/905/DC1/.
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Note Added in Proof
The sentence “Expressing gcy-36 cDNA in URX with the flp-8 pro-
moter also restored the switch (Figure 3A)” on page 908 has been
altered slightly since this paper was originally published online.
